INTRODUCTION
The projected decline in the availability of petroleum fuels for electricity generation or industrial applications, and the projected increase in an uncertainty of fuel costs throughout the next decade have been driving forces towards the utilization of the nation's coal resources.
Significant effort has been expended and progress achieved in the development of proce ses to produce coal-derived liquid (CDL) and gaseous (CDG) fuels. Earlier projections were that CDL's could be expected to be available in quantities suitable for market penetration by the late 1980's. On this basis, development of dry low NO, combustion technology to meet NSPS emissions standards with high nitrogen content CDL's was the foal point of the Phase 1 effort in the NASA-sponsored Luw NO, Heavy Fuel Combustor Concept Program. General Electric completed its Phase 1 development tests and reported the results in October 1981. It was demonstrated that the two stage, richlean combustor concept would meet all program objectives for emissions with satisfactory operational performance. Combustor development addressed two key CDL propet'ties which impact on performance, i.e., low hydrogen content which an promote smoke formation and leads to high radiant heat loadings to liner walls, and high fuel-bound nitrogen content (FBN) which promotes organic NO, formation in conventional lean-burning combustors. Rich-Iran Concepts 2 and 3 of that program addr• seed these fuel properties, successfully meeting emissions criteria.
More recent trends in national energy policy and fuel economics could lead to deferment of CDL availability to the 1990'x. Utilization of coal-derived gaseous fuels is now considered the more likely candidate for market introduction in Utility applications. General Electric ii strongly involved in the application of coal-derived gases through its integrated gasir:ation combined cycle (IGCC) plant studies.
It is now anticipated that a Phase 11 of the NASA-sponsored Low NO, Combustor Program will emphasize dry low- NO The Phase IA program provides a bridge between the low NO,, 1quid fuel technology of Phase I and the anticipated emphasis on low NO,, coal-derived gas fuel technology to be developed hi Phase A. Phase IA objectives were to provide an initial asseament of the emissions and operational performance of the successf ul rich-lean and ken-ban combustor concepts developed for liquid fuels in Phase I, and to identify problem areas and development needs to be studies in Phase zI. A test of the catalytic combustor hardware developed in Phase 1 was also planned. Program resources were minimal, considering the cost of simulated LBtu/IBtu gas fuels, and only minor modifications to the existing Phase I hardware and limited testing were possible. Tests were conducted using rich-ban combustor Concept 2 (a multinozzle, two-stage, rich-lean design) with a range of gas hating values from 167 to 244 B , .u/scf (7.0 to 10. 3 MI/NCM).
at MS7001E turbine load conditions. Tests *,:re run largely at reduced pressure conditions to reduce fuel costs. A fullpressure, full-flow test was also completed to provide a correlation of all data to full %IS7001E cycle conditions. Ammonia (NH3) was injected at several rates up to 0.5 weight percent for the 244 Btu/scf fuel gas to determine organic NO, generation from potential organic nitrogen contaminants in cleaned fuel gases. The catalytic combustor was tested with petroleum distillate fuel. A lean-ban comber hardware configuration was developed and fabricated, but it as not tested beaus., of limited program resources. This cordbustor hardware is available for early testing in the anticipated Phase II program.
This report presents the results of the Phase IA program.
TEST FACILITIES
Combustor tests with liquid fuels in the Phase I program were conducted in a 10-inch diameter (.25m) test rig, in the A5 facility of General Electric 's Aircraft Engine Group (AEG) facility in Evendale, Ohio. For the Phase IA gas tests discussed in this report, combustor tests with simulated coal -derived LBtu/ IBtu gases were conducted with that 10-inch diameter test rig installed in the combustor test area of the General Electric Gas Turbine Development Laboratory (GTDL) facilities in Schenectady, New York. This facility has a unique capability for on-line blending and delivery of simulated coal-de rived gases, can provide blending with nitrogen and steam to adjust gas hating values, and also has gas preheat for large -scale combustor testing.
Test Fedlides mW • 'net Systeas
The combustor at area is a large bay which currently contains five test stead: %r test ducts.
The process air ; item an deliver nonvitiated air to the sett stands with:
• Mass fi,rw rate :im 1 to SO lb/s (.45 to 23 kg/s) A schematic of the low Btu /intermediate Btu (LBtu /lBtu) gas system used for the Phase IA tats is shown in Figure 1 . Gas is supplied in tube trailers (up to four trailers at 100,000 sd (2500 NCM) per trailer) and an be blended on-fine with nitrogen and scam to obtain the desired low Btu gas composition and hating value. N 2 and sip control is achieved via ratio control stations that maintain the desired proportions of N 2 and/or H2O to trailer gas. The blending capability has the advartappe of reducing the amount of gas that must be supplied in trailers when studying air-blown gases. This capability s tso permits parametric studies of effects of N 2 or H2O dilution on the combustion characteristics of coal-derived gases.
Currently, a gas hating system is provided for fuel gas preheat that is capable of achieving qas temperatures up to approximately 600°F (590K). Addition ► treaters are to be installed that will extend this capabuity. Ammow l i (NH) was injected into the fuel gas during tests of the rich-lean combustor with 244 Btu/ scf (10.3 Ml/NCM) hating value gas.
Instrumentation
The combustor test rig assembly was instrumented to measure the performance and durability of the combustor.
Total inlet ai-c7ow measurements were made using standard ASME orifices which are an integral part of the immersions each. These rakes are in integral part of GTDL tat stand No. 4. Tat rig and combusicr static pressures were measured using three wall static taps. These pressures were referenced to ft inlet air total pressure to determine the pressure drops to the rig and across the liner.
Fuel nitrogen and ammonia flows were measured usu • standard ASME orifloes. The combustor finer was instrumented with an way of 16 metal surface thermocouples.
The exhaust gas instrumentation consisted of four threeelement gas sampling rakes and four three-element thermocouple rakes. The gas sampling rakes were also utilized for measuring combustor exit total pressures. The three elements on each rake were mounted on centers of equal area in the combustor centerline. The gas sample probes were ganged together for all test points in this program. This was done to reduce the time required at each test point, and so conserve the available fuel gas supply. The gang samples are presumed to be representative of bulk gas properties at the combustor exit. Gas sample probes were water-cooled for durability.
TEST FUELS
The rich-lea t combustor was tested using gas fuel blends ranging in lower hating value (LHV) from 167 to 2,04 Btu/scf (7.0 -10.3 M1/NCM). The test fuel compositions are presented in Table 1 . The baseline fuel contained 38.4% H 2, 0.65% N 2, 44.53% CO and 16.43% CO 2 by volume Four tube trailers containing this gas were supplied by the Union Carbide Corporation.
The baseline fuel composition was obtained by averaging the analyses supplied by Union Carbide for each trailer. The trailers were manifokled in parallel to supply the test stand fuel requirements. Variations in fuel composition and heating value were obtained by adding nitrogen as a diluent to the baseline fuel. Five data points were taken, with ammonia (NH) injected into the baseline fuel to determine the NO,, yield as the rich-lean combustor operated with various levels of fuel-bound nitrogen. In order to make an accurate determination of the ammonia content in the fuel gas during these tests, bottled fuel gas samples were taken at each data point and later analyzed for composition. The fuel ammonia level ranged from 0 .07% to 0.5% by weight.
The actual level of ammonia encountered in coal gas fuels in an Integrated Gasification Combined Cycle (IGCC) application would be a function of the specific fuel gas cleanup system design. The range of ammonia injection was selected to be representative of potential IGCC plant conditions. Equilibrium flame temperature and products of combustion were alculatsd for all three of the nominal gas fuel compositions (beating values) used for the tat program. These calculations were performed using tLe NASA Chemical Equilibrium Code (3). 
Results

OF POOR QUALITY
The operating conditions used in evaluation testing of the rich-lean combustor are representative of the General Electric MS7001 E utility turbine. The MS7001 E gas turbine has a baseload rating of 72.9 MW at a turbine inlet temperature of 1985'17 (1358K), pressure ratio of 11.7 and airflow of 590 Ib/s (268 kg/s). The matrix of test conditions is shown in Table 2 . In order to conserve fuel and obtain the maximum number of data points with the limited quantity of fuel available, most of the data were taken at half pressure/half flow conditions. The standard procedure was to operate the combustor at three load points for the MS7001E (50% power, base, and peak load) for each fuel blend and to conduct additional tosts as appropriate. Fuel-air ratios above and below design levels were tested with the baseline fuel to determine the effect on NO, emission levels. The baseline fuel test conditions were also used with ammonia injection.
Operating conditions for the catalytic combustor are described elsewhere in this paper. Previous work has shown the potential of two-stage rich-lean combustion for producing low NO, emissions with high nitroren fuels. The work described here is aimed at development of this concept for use in heavy duty stationary gas turbines operating on gas fuels derived from coal. In the rich-lean combustion mode, a rich mixture of fuel and air (# -1.7) is burned in the first stage, producing incomplete combustion at low temperatures in an oxygen-deficient environment. Un Aer these conditions, little thermal NO, is produced while fuel uttrogen is released with minimal conversion tr NO,. This incompletely combusted mixture is then mixed with additional combustion air in a low residence time quench zone to produce a lean mixture (0 0.5), with combustion completed in the lean second stage.
The test combustor used for this effort was obtained by converting a liquid fueled design to gas fuel. Because the original combustor was shown to be quite successful in reducing NO, (2), most of its geometry Table 3 was pr-served for the gas furl test. Nine gas fuel nozzles were RICH-LEAN COMBUSTOR EQUIVALENCE RATIOS installe d in the head end of the rich stage replacing the eight liquid fuel nozzles used In prior testing. To handle the large volume flow required with low B l u gas fuel, a large central fuel nozzle designed to pass 71 percent of total fuel flow was added, with the balance of the fuel flow distributed equally among the eight outer nozzles. Figure 5 presents a schematic of the combustor showing the airflow splits for the rich, quench and lean combustion zones, and Table 3 shows the equivalence ratios for the various fuels and load poits tested. Figure 6 shows the large center fuel nozzle. Downstream of the rich stage is the necked down quench zone followed by the lean stage. Rich-stage liner cooling is accomplished by convection cooling of the outside surface. This convective cooling proved inadequate during prior testin-of this concept with liquid fuels. Therefore a boundary layer trip wire was installed to enhance the heat transfer coefficient on the outside diameter of the rich stage liner. This trip wire is shown in Figure 7 . To help maintain metal temperatures 11 acceptable levels a thermal barr ier coating was applied to the inside surface of the rich-stage liner as was done for the liquid fueled design. The test combustor has a diameter of 8 inches (.2m) and an overall length of 49 inches (1.25m). Figure 8 shows the entire combustor assembly, although the botl :ldary layer trip wire is cbscured can can C b or om ua Lean-lean combustors burn lean in both stages to avoid high combustion gas temperature and thus avoid generation of thermal NO R . In order to avoid poor combustion and generation of CO associated with too lean a mixture, two stages of combustion are employed. At low engine power conditions when the total fuel flow rate is low, only the primary o • pilot stage of the combustor is fueled. At higher power com loons when the engine fuel flow rate is adequate to fuel both stages of the combustor, fuel is introduced into the main stage dome and the pilot fuel flow is raduced. As the engine power and fuel flow rates are increased, the equivalence ratio increases in both stages, but it is always maintained lean enough at all locations to reduce thermal NO Figure 9 is a schematic of the lean-lean test combustor showing the design airflow splits. fable 4 presents the equivalence ratios for each load point in the test plan. A single gas fuel nozzle was designed for the pilot stage, and eight smaller gas fuel nozzles were designed for the main stage. The pilot fuel nozzle is a strong swirl design of the type utilized for low Btu gas fuel t:^t ing of the High Temperature Turbine Technology (HTTT) sectoral combustor development sponsored by the U.S. Department of Energy (DO:). Using this concept, rapid fuel/air mixing and wide turndown r; do are achieved by contra-swirling annular fuel and air streams v hich produce a strong vortex in the reaction zone. The eight rr 2,i^ =,; gas fuel nozzles are identical to the outer fuel nozzles of the rich-lean combustor except that the fuel gas metering holes are larger for the lean-I.-an combustor.
The design intent is to split the fuel so that 35 percent goes to the pilot fuel nozzle and 65 percent to the main stage in all twostage operations.
The overall length of this combustor is 25.5 in., (.65m), the pilot dome diameter being 6 in. (.15m), and the aft liner diameter 8 in (.2m). Approximately 31.8% of the combustor air is used for liner cooling. Figure 10 shows the IPan-lean combustor assembly prepared for test. Progratr. resources were exhausted before any gas fuel testing of the lean-lean combustor was performed, but the test combustor remains available for future investigation of this concept.
Catalytic Combustor
The catalytic combustor concept, identified to an earlier paper 0) and described in greater detail elsewhere (2), consists of three major stages -fuel preparation, a catalytic reactor stage, and a pilot stage. The combustor itself is shown to Figure 11 . A multiple nozzle fuel preparation section precedes the catalytic reactor stage. This section, with seven fuel nozzles, provides premixing of the fuel-air mixtu•e and revaporization of liquid fuel. A 15 in. (.38m) long section is provided for thorough premix of liquid and LBtu/IBtu gas fuels. This is followed by a 5 in. (.13m) long section holding the main stage catalytic reactor, which consists of MCB-12 zirconia spinel substrate coated with a proprietary UOP noble metal catalyst. The reactor was designed and manufactured by the Energy and Environmental Division of Acurex Corporation. The reactor stage is followed by the downstream pilot stage section which is used for ignition, acceleration, and part -load to 50% load operation (at which point, reactor lightoff occurs for further load increase to full power). Figure 12 presents the fuel scheduling necessary for ::Lis parallel-staged desi g n to meet the load requirements of an MS7001E gas turbine. In this design, a transfer point between pilot and catalyst was determined by the operational range of the catalyst, i.e., its turn-dowr, ratio, physical dimensions and maximum face velocity. Ignition, acceleration, and loading to about 50% load are accomplished with the pilot stage only. At the transfer point, ft.el flow to the combustor is sufficiently high to ignite the reactor stage at a fuel -air ratio of approximately 0.020.
The pilot stage fuel flow is then lowered to a flow sufficient to retain pilot operation for cleanup of exhaust gas from the reactor section and to eliminate any need to reignite the pilots. Further increase in load to approximately 80% is achieved by increasing reactor stage fuel flow to a fuel-air ratio of approximately 0.030 in the reactor. This limit provides reactor temperatures meeting those required for reactor durability. Further increases in load are accomplished by increasing pilot stage fuel flow.
Design air flow splits at the baseload 0 2%) point were as follows:
Catalyst -Main Stage 600k
Pilots Dome Cooling 5% Swirlers 12%
17%
Liner Cooling 150k, Dilution 9% 100% Cold flow testing established, however, that the catalyst received only 42% airflow at cold conditions. Although this figure was significantly less than the 600/o design level anticipated, it was decided to proceed with combuste-tests by reducing fuel flow to the reactor section to achieve a fuel-air ratio (and, therefore, reactor temperature) corresponding to the 92% load condition. Figure 13 , combustor instrumentation consisted of thermocouples located as follows:
As indicated in
• four thermocouples embedded ir, the catalytic reactor to monitor catalyst performance and to prevent excessive The program goals were met only with the lowest heating Btu value fuel ( 172) tested. In general, the NO, emissions data for the rich-lean combustor are comparable with data obtained for a more conventional lean burning combustor operating under similar conditions with a similar fuel. All the available data indicate that the rich-lean combustor did not achieve a significant reduction in thermal NO, production. This unexpected result shows that the full potential of the rich-lean combustion ncept was not realized by the test combustor. The reason for this failure to achieve the desired NO, reduction is believed to be inadequate fuel-air mixing in the rich stage with a resulting rich core flow through the quench zone and into the lean burning zone. This hypothesis is based on the observations that the central fuel nozzle carrying most of the flow was a low swirl design producing a strong antral fuel jet with no central recirculation zone, and the gas temperature proilles measured at the combustor exit were peaked toward the center at all operating condi- Fig. 15 Rkt, 4eaa combustor: NO, vs, fuel ammonia content converted to, NO, was found to decrease. At 0.4 weight percent ammonia injection, the NO, yield was approximately 24 percent. This trend of decreasing NO, yield with increasing fuel-bound nitrogen has been observed in prior experimental investip• tion, (4) . ►side from the failure to achieve the desired NO, emknions r y :oction, the performance of the rich-lean combustor was generally satisfactory for all fuels tested. Figure 17 presents the carbon monoxide (CO) emissions data versus engine load and corresponding combustor exit temperature for the reference engine cycle. The performance of the rich-lean combustor for several important combustion performance parameters is sum. marized as follows: ing these test points, stable air flow, emissions and reactor temgram goals were mat, but there was an indication of rich peratures were all achieved. Ignition of the reactor stage was accentral core in the rich stage.
complished by raising the preheat temperature (i.e., combustor
• Prvssvre Drop (7% -8%) -Approaches the design objec-inlet air temperature) to 700'F (640K) followed by a controlled tive opening of the fuel valve to the reactor stye nozzles. Points 2 and 3 are for catalyst fuel-air ratios of approximately 0.031 which • Liner Metal Temperature (1400'F -1470°F); (1030corresponds to the 92% (baseload operation) load condition for 1070K) -Higher than desired for liner durability, but satthe MS7001E cycle appl ication of this combustor; the reactor isfactory for test purposes.
fuel-ait ratio during test point 1 corresponds t:r the 70% load
• Ignition -Satisfactory. point. After 1-1/2 hours of reactor operation, the rotor failed due to substrate overtemperature. The first two axial reactrrr • Turndown -Satisfactory.
sr-ments (2 inches of coarse cell substrate) remained intact a.,
• Post Test Condition -Satisfactory. th. i little change in liner pressure drop and efficiency were immediately apparent. But the loss of catalyst temperature indica-Cataltle Combustor Test Results tion (loss of reactor thermocouple readings) used for test control Approximately two hours of reactor operating time were accaused a termination of the reactor-only portion of the test. cumulated at design cycle conditions during the test program.
Emissions performance of the reactor stage was excellent. At Data were taken at five steady state test points for reactor-only 92% load conditions, measured emissions indices were 1.4 g and pilot-only operation, as well as for numerous transient con-NO Jkg fuel (see Table 5 ) which correspo ids to approximately ditions. The first three steady state test points were established 10 ppmv NO.. Figure 18 presents measw ed reactor-only NOx with only the reactor stage fueled, while the next two steady emissions index as a function of reactor sage equivalence ratio. CO emissions were approximately 1-4 ppm at the 92% base load condition, and 81 ppm at 70% load. Combustion efficiencies exceeded 99% at all test points. Combustor pressure drop was approximately 5 percent during the reactor-only tests.
Although combustor exhaust temperature (measured at the exit plane with reactor and pilot stage Flows mixed) was approximately 14007 ( 1030K), reactor stage exit termrature estimated from reactor bed thermocouple readings wrls approximately 2550O F (1670K). Figure 19 presents the measured temperature distribution at the exit plane for reactor -only operation. The exhaust flow shows a hot central core associated with the reactor exit flow, and temperature approaching inlet air (700•F; 640K) at the outer periphery, r. Fleeing the cool, pilot air flow. Von
Brand smoke numbers for reactor operation were greater than 99, i.e., essentially an SAE smoke number of 0. Combustion efficiency was 98.5% at 80-85% load and exceeded 99% at 100% load. Exhaust temperature measured at the combustor exit plane was 1343'F (1000K) at 100% load (test point 5), with a pressure drop of 34%. Figure 21 presents Fig. 21 xit temperature distribution-teat point S (100% load)pilots only Conversion factor: ('F + 460) x 5/9 -K Two typ;s of instabilitv occurred during the reactor-only portion of the test. The first had to do with the parallel flow path design, in which any increase in pressure drop in the catalyst tends to seduce the catalyst airflow and increase airflow to the pilot stage of the combustor. Although expected to occu r to some degree, the magnitude of the effect was muca larger than anticipated during operat i on. As the cataiysl exit temperature ir.creasts with increased Catalytic efficiency, the airflow is reduced, which in turn increases the catalyst fuel-air ratio. This relative increase in fuel flow causes the catalyst pressure drop to increase even further until a stable point is reached or until the catalyst fails, due to overtemperature in the substrate. As a result, it was impossible to maintain the catalyst temperature in the range of 1800-2W)* i-' 11260-15901(1. Any slight Increase in `uel flow resulted In a catalyst temperature above the recommended limit (2400 P F), while any avempt to control the excessive temperature brought the catalyst temperature back down below 1800PF This characteristic of catalyst operation may present a s,rong obstacle to the development of parallel stage combustors without variable geometry capabilities. The second difficulty wl i tha! the catalytic reactor itself exhibited unstable charuteris -cs. During the early portion of this test while aveml .ing Lc reach a stable catalyst temperature in the range of 1800-24007 (1260 . 1590K), it was observed that the highest temperatures in the reactor would be located in one instau:e near the reactor exit and in another near the reactor entrao r -, For example, Figure 22 presents tho data noted for test points 2 and 3 of Table 5 and a transient point, each poira nominally at the same reactor fu::-air ratio. Inlet velocities are the sr.me for ; oint 2 and the transient, while point 3 differs only slightly, having a higher inlet pressure. There were occasions noted during other transients between test points when the central thermocouple W3 in Figure 22 ), was lowest in temperature of the four thermocouples. Two pos3iblc explanations for the observed transient nature of this axial temperature distribution are:
(1) A non-uniform fuel distribution at the entrance of the rea for causes the combustion reactions to occur at difftrent points and with varying et,..iencies and heat relem-es along the reactor. The difference in temperatures 3 and 4 supports this hypothesis.
(2) Test point 2 and the transient point presumably have the same fuel-air ratio but exhibit different average temperatures and axial distributions. Carbon monoxide at the transient point '-.vas about 80 ppm while it was only 42 ppm at :st point 2. The difference in the average temperature and the axial reactor temperatu re distribution (see Figure 22 ) may be ataibutee to the instability in the airflow split between reactor and pilot stages discussed earlier. (Note. however, that reactor operation ct.n occur in only a Narrow fuel-air ratio band. Furthermore, measured NO, dat-i are relatively flat with fuel-air ratio changes. Therefore, predictions of overall combustor NO, (pilot and reactor operating in parallel mode) are expected to be reasonably accurate.) Post-test examinaiiun of the reactor catalyst showed the central area of the last three axial reactor segments had broken loose and gone downstream. There was no evidence of melting nor deposits or plugging.
In pilot-only operation, ignition was accomplished with some difficulty. Misalignment of fuel nozzles in the cups, plus the inr THERMOCOUPLE LOCATION& I VLX, a n Iwo â N 1700 creased colt airflow through the damaged catalyst, made pi'-•t operation unvable. Metal temperatures in the pilot primary zone showed that some portions of the pilot section had !lame only intermitteotly . The diflicu! ties in Controlling backside cooling with a flow sleeve with a small gap and the eventual combustion of fuel which passed beyond the primary zone are the suspected contributors to pilot stage liner burnout.
CONCLUSIONS
Gas Fueled Rich -Lean Combustor The rich4ean combustor, in the single Lonfiguration tested, was not successful in significantly reducing thermal NO, emissions for the baseline gas fuel having a lower heating value of 244 Btu/scf (10.3 Ml/NCM). This unexpected result is believed to be due to inadequate fuel-air mixing in the rich stage with the result that fuel-rich central LTre flow I ,crsisted through the rich and quench stages with binning similar to a conventional combustor in the lean stage. However, this hypothesis is unproven, and there are other possible explanations, such as ntaioptimal dwell dines in the rich, quench, and lean sieges. Aside from NO, emissions, the combustor provided generally satisfactory performance for all other important combustion parameters including CO emissions (efficiency), smoke, pattern factor, pressure drop, metal temperatures, ignition, turndown, and post-test condition. For the lowest heating value fuel tested, 172 Btu/scf (7.3 ivfl/NCfv1), program NO, emissions goals were met.
Data collected to date indicate that the lean-lean combustor concept h.,s the potential to achieve ultt;i-low NO, emissions for liquid and gas fuels having no fuel-bound nitrogen ( FBN). It is recommended that this concept be tested on gas fuels with and without bound nitrogen. A baseline test on a conventional combustor with gas Nei having fuel-bound nitrogen should also be run to provide data for comparison with new concepts designed to reduce NO, emissions with fuel-bound nitrogen.
Mixing effc^tiveness tests should be run on the fuel nozzles used for the rich-lean combustor and on all new fuel nozzle designs proposed for low NO, combustors so that this critical aspect of fuel nozzle p, rf,,rmal::-e can be evaluated. Future test rigs for NO, emissions reduction testing should be designed io allow v.:riatior. in internal airflow splits at constant overall equivalence .atio during the test so that stoichiometry and dw-11 times in the various reaction zones can be optimized for minimum emissions regardless of test fuel.
